A tale of two Higgs 
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A new boson with mass ~125 GeV and properties similar to the Standard Model Higgs has 
been discovered by both the ATLAS and CMS collaborations, with significant observation in the 
ZZ* — ► 4£ and 77 channels. In this work we ask whether the signals in these two channels can be due 
primarily to two distinct resonances, each contributing dominantly to one channel. We investigate 
this question in the framework of a 2HDM and several of its extensions. We conservatively find that 
such a scenario is not possible in a pure 2HDM, nor under the addition of vector-like quarks, but 
is allowed when adding one or two top-like scalars, if one allows for sub-one tan j3. The resonances 
in the diboson and diphoton channels can then be two scalars, or a scalar and a pseudoscalar, 
respectively. In each viable case, we further find the expected future deviations in the diboson, 
diphoton, bb and rr rates, which will be useful in excluding the two-resonance scenario. 



Introduction. The ATLAS Q and CMS @ collab- 
orations have recently announced the discovery of a new 
boson with mass in the vicinity of 125 GeV and properties 
resembling that of a Standard Model (SM) Higgs. The 
cleanest search channels for the Higgs are the h — > 77 and 
h —> ZZ* —> A£ modes, where until very recently good 
agreement between the mass of the resonance in each 
channel was observed. The latest ATLAS data for these 
two channels exhibits a mass discrepancy Q , and though 
it is likely a statistical feature that may soon disappear, 
it is interesting to ask the following question: Can the 
resonance observed in the diphoton channel be different 
from that observed in the ZZ* channel? Namely, can 
the two signals observed in these modes be due primarily 
to two separate particles that are close in mass? This is 
the question we aim to address in this work, within the 
context of a 2 Higgs Doublet Model (2HDM). Though 
inspired by the current trend in the ATLAS data, we 
do not attempt to explain, reproduce or fit to the full 
Higgs data set under the assumption of a two particle 
hypothesis. Rather, we are interested in addressing the 
qualitative question of whether the Higgs data could be 
due to two resonances; a question which is relevant even 
if the current mass discrepancy disappears. 

Preliminaries. We start by setting the notation to be 
used along this paper. Assuming two distinct particles 
are observed in the latest LHC results, we denote the 
particles observed in the ZZ* and the diphoton channels 
as tp 1 and <fr 2 , respectively. We define the normalized 
production rate times branching ratio of a given channel 
by 



R 



o-L> x BR I 



x 



of% x BR SM (h -> X) 



(1) 



where X — ZZ*,^j, i — 1,2 for the different scalars, 
and af^ and BR SM are the production cross section and 
branching ratios of a 125 GeV SM Higgs boson. As- 
suming the mass splitting between the two resonances 



is larger than their width, interference effects are sup- 
pressed, and the total production rate times branching 
ratio in each channel is the sum of the two contributions, 

Rx = R l x + R-x ■ 

We ask whether the resonances observed in the dif- 
ferent channels can be a result of two different particles 
of mass close to 125 GeV. For this to be the case, the 
following conditions should hold: 

1. In each channel a different particle is responsible 
for the major contribution to the production rate 
times branching ratio, while the contribution of the 
other particle is minor; 

2. Together, the two resonances give the observed 
rates for the two channels. 

The rates in additional measured channels, such as the 
bb and rr modes, should also be accommodated by the 
two particles combined. 

We quantify these conditions by the following (mild) 
set of requirements: 



ZZ* 



R 



77 



> 
> 



3R 2 



ZZ* 1 



3-R 77 



0.5 < R zz * < 2.5, 
0.5 < i? 77 <2.5. 



(2) 



We (conservatively) consider a parameter region to be 
disfavored if it fails any of the four conditions of Eq. , 
and take a model to be ruled out if there is no point 
in its parameter space that can satisfy all four of these 
conditions. In what follows, we refer to the first and 
last two lines of Eq. ([2} as the 'ratio' and 'range' con- 
ditions, respectively. The use of such a moderate set of 
requirements allows us to be conservative: A model that 
fails in accommodating the range conditions cannot be 
the source of the Higgs measurements in the ZZ* and 
diphoton channels, regardless of the ratio conditions. A 
model that fails the ratio conditions cannot explain the 
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Higgs measurements in the ZZ* and diphoton channels 
by means of two separate particles. A model that passes 
the criteria of Eq. ^fy can then be scrutinized in order to 
learn whether the various rates are enhanced, suppressed 
or similar to that of the SM. We further restrict to simi- 
lar range conditions in the 66 and tt channels, requiring 
that a model that passes the conditions of Eq. ([2]) also 
obeys 

0.5 < R bi < 2.5 , 0.5 < R TT < 2.5 , (3) 

in order to be viable. 

A comment is in order regarding existing literature on 
the presence of multiple resonances in the Higgs data. 
This topic was discussed in [3| in the context of the 
NMSSM, in @ in the context of a 2HDM, and most re- 
cently in Q where general conditions for detection of 
such resonances were derived (see also [2]). However, 
these works do not require the signals in each channel to 
be predominantly a result of a distinct particle and thus 
address a different qualitative question than that posed 
in this work. 

We follow the notations of and write the La- 
grangian of the two scalars (i = 1, 2) as follows: 



v 



c b q> bb 

v 



' c jj.-. 



cc 



m f 



77 



w 



(4) 



and 



where custodial symmetry implies c 
we assume the invisible branching ratios to be negligi- 
ble. / (S) symbols any new fermion (scalar) added to 
the theory, and we do not consider the addition of vector 
bosons. The effective couplings to gluons and photons 
are obtained via one loop processes, defined such that 



F = 

gg 



i I 2 



nSM 

SSMI2 fffl : 



F = 

77 



\c l I 2 

£SM|2 77 : 



(5) 



where T l x denotes the partial width into X, and are given 
by: 

cl = ciA f (ri)+ciA f (4) + ciA f {4) 
+ 2C(r f y f A f (r i f ) + ^-4A s (ri), 



1 



1 



(6) 



N ^Q^A A r }) + ^MQ^A s (rl). 
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Here Tr (T a T b ) = C (r) S ab , N(r) is the dimension of the 
representation r, r* = m 2 ii /4m 2 and A£ s are the fermion 
and scalar loop functions given by 



A f {r) = ^[er + (r-0/(r)] , 
A s {r) = -l[/(r)-r] , 



(7) 



with £ = 1 (0) for scalars (pseudoscalars) and 



f(r) 



[sin^yi^)] 2 , 



if t > 1, 

if T < 1 . 



(8) 



For heavy particles, t 1 x <C 1, and one finds A x ~ 1. In 
the SM with a 125 GeV Higgs, c tjSM = Q,, S m = c c .sm = 
c t ,sm = cv,sm = I, c g ,sM — 1.0 and c 7jS m — -0.82. 
Defining the total width as 



-pi _ \/-fi |2-pSM 
1 tot — l°totl L tot > 



(9) 



with I1C 



0.58|c 



,i 1 2 



0.24|c 



i |2 



lc i I 2 



0.06|ct| 2 + 0.03|4| 2 , 



(10) 



one finds the following approximate expressions: 

2 
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(11) 



where in the above we have assumed that the production 
is dominated by the gluon fusion process. Expressions for 
the 66 rate with an associated vector boson, R hbl as well 
as the tt rate R TT , and the dijet category in the diphoton 



channel Ry~, can be found in or deduced from [8j, with 
the efficiencies in the diphoton channel, both inclusive 
and dijet categories, taken from 11]. In the tt channel, 
we consider the vector boson fusion category, and use the 
efficiency numbers of the semi-leptonic channel as given 
in 0. 

In what follows we use the full expressions for the pro- 
duction cross section times branching ratios, Eq. ([T]), and 
ask whether the conditions detailed in Eq. @ can be sat- 
isfied by two bosons within the 2HDM framework. We 
consider four different scenarios: Pure 2HDM without 
additional particles, 2HDM plus vector-like quarks in the 
(3, l) 2 /3 ana - (3, l)_i/3 representations, and 2HDM plus 
additional one or two top-like scalars. 

Throughout this paper we use the leading order con- 
tributions to the relevant production and decay pro- 
cesses. In all models considered, the QCD next-to- 
leading-order (NLO) corrections are either small or fac- 
tored out (see e.g. , and thus cancel in the ratios 
to the SM. The electroweak NLO corrections are small 
in the discussed models (see e.g. [Hj]). In this context, 
a comment is in order regarding addition of heavy chi- 
ral fermions which are not included in this work. Since 
chiral fermions acquire mass from electroweak symmetry 
breaking (EWSB), their loop contributions to the rel- 
evant production and decay channels do not decouple 
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TABLE I: The dependence on a, j3 of the couplings of the 
neutral scalars to different particles 



lype 1 


(pv V 


(pUU 


(pad ano <p£ £ 


tl 


sin(/3 — a) 


cos a 
sin£ 


cos a 
sin 3 
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cos(/3 — a) 


sin a 
sin /3 


sin a 
sin 


A 




cot /3 


-cot/3 


Type II 


<j>VV 


<fmu 


0dd and cpl+T 


h 


sin(/3 — a) 


cos ct 
sin£ 


sin a 

cos /3 


H 


cos(/3 — a) 


sin a 
sin /3 


cos a 
cos /3 


A 


C AV V 


cot P 


tan ft 



as their masses increase. The electroweak NLO contri- 
butions can then induce 0(1) corrections to all decay 
modes [15|, and are important. The proper treatment of 
additional heavy chiral fcrmions is beyond the scope of 
this work, and is hence omitted from further discussion. 

2HDM. We now study the pure CP-conserving 2HDM 
scheme with no additional particles, considering both 
type I and type II couplings. The dependence of the re- 
sults on the lepton couplings in the pure 2HDM is highly 
suppressed, allowing us to extend our conclusions to the 
other natural flavor conserving 2HDM types. We con- 
ventionally define the ratio between the VEVs of the two 
Higgs doublets by tan/3 and the rotation angle to the 
neutral mass eigenstates by a. The neutral spectrum of 
the 2HDM contains two scalars h and H with < ma, 
and one pseudoscalar A. 

The couplings of h,H and A to vector bosons, up 
quarks, down quarks and charged leptons are presented 
in Table HI We define an effective coupling between the 
pseudoscalar and two massive gauge bosons, |c^y V | 2 = 
^A-^vv/^h^W w here T A _^ VV is the appropriate par- 
tial width of the pseudoscalar in type i =1, II flil- 18|. 



arising from the dimension 5 operator AV I1U V 11V which is 
generated at the loop level, where V^„ is the field strength 
of the vector boson. Throughout we neglect the contribu- 
tion of the charged Higgs loops to the diphoton channel 
(see e.g. [lj|). We have verified numerically that subject 
to electroweak precision data 20] and perturbativity con- 
straints on the trilinear couplings, the inclusion of such 
effects does not alter our results. 

In the following we consider all possible pairs amongst 
h, H and A as the potential resonances. The exchange of 
the two scalars produces almost identical results under a 
shift of a — > a±7r/2. Additionally, while the parity of the 
observed particle in the ZZ* channel is currently under 
scrutiny 2l|, we have included the possibility that tp 1 is 
the pseudoscalar A. In all the explored scenarios we find 
however that the pseudoscalar cannot successfully serve 
as the resonance in ZZ* channel due to its suppressed 
coupling. We thus quote our results only for the cases of 



(0 1 ,0 2 ) = (h,H) and (h,A). 

Given that 1 is the resonance seen in the ZZ* channel, 
the data suggests that this particle should have, to some 
extent, SM-like couplings, namely c\ should be of order 
one. In contrast, the (p 1 contribution to the diphoton 
channel is required to be small. The effective coupling 
to two photons arises at one loop, primarily via internal 
W and t contributions which interfere destructively with 



each other, c l cx c\ 



2 l. v . 



Thus, it is difficult to find a 



parameter space in which (j) 1 dominates the ZZ* chan- 
nel but has only a moderate contribution to the 77 final 
state, unless a delicate cancelation occurs. The comple- 
mentary demand that <f> 2 contributes significantly only 
to the 77 channel is easily achieved if <fi 2 is the pseu- 
doscalar A, since its coupling to two heavy gauge bosons 
is loop-induced and thus highly suppressed. 

We learn that the four conditions of Eq. ([2]) are dif- 
ficult to accommodate generically in a 2HDM. In what 
follows we identify the scenarios and regions of parameter 
space in which the appropriate cancelations do occur and 
the conditions are met. We note that a combination of 
several effects determines whether a scenario or parame- 
ter space is viable or not. Whenever possible, we explain 
these effects. 

We consider 0.5 < tan/3 < 65 and \a\ < 7r/2, and 
first ask whether a parameter space exists in which the 
observed resonances are a result of two different particles, 
namely the ratio conditions in Eq. ([2]) are satisfied. We 
then further seek the parameter space in which all the 
conditions are met. Our results are as follows: 

• The two scalars, h and H , cannot provide the ob- 
served signals. In type II the ratio conditions can 
be achieved only for tan/3 < 0.6, where the cancela- 
tion between the W and the t loops is increased due 
to the enhanced top coupling. However, this pa- 
rameter range typically leads to a very small dipho- 
ton rate, since a large cancelation occurs for both 
of the scalars. In type I, since c t ' — c^' H there is 
less freedom for a and /3 and the required cancela- 
tion cannot occur, yielding null results for the ratio 
conditions in the case of the two scalars. 

• For cj) 1 = h and cj) 2 = A in the type II 2HDM, all 
four conditions of Eq. ^ are satisfied for tan (3 < 
0.6, in which case i? 77 < 1.2. The reason is that for 
such small tan j3, the coupling of the scalar to the 
top is enhanced and suppresses iC 7 , while R 2 ZZ , 
is naturally small. The pseudoscalar contribution 
to the diphoton signal, R? n , is further enhanced at 
such small tan/3. However, in the relevant param- 
eter space, the normalized production rate times 
branching ratio in the bb channel, R b i, is suppressed 
to the level of a few percent, disfavoring this sce- 
nario. In type I these particles can obey the desired 
ratios, but the relevant parameter space yields too 
small a signal in both channels. 
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We learn that a pure 2HDM of type II can account 
for the conditions of Eq. ([2j if = h and <f> 2 = A, 
for tan/3 < 0.6, but cannot accommodate a reasonable 
rate in the bb mode, Eq. ([3]) , disfavoring the pure 2HDM 
scenario. We note that in 2HDM, a bound exists on the 
rate of the associated production of bb, stemming from 
Eq. (JIS) and Table H of R bh < 1.7. 

2HDM plus heavy vector-like quarks. Next we 
consider the addition of two vector-like top quarks, trans- 



-2/3- 



Assuming 



forming as T ~ (3, l) 2/3 and T c ~ (3, 1) 
small mixing between these heavy fields and the first two 
generations, the most general renormalizable interactions 
are: 



£ = £ 



2HDM - MTT C - XQ 3 h u T c - mTt c + h.c, (12) 



where the last term in Eq. (fT2j) can be rotated away by a 
redefinition of T and t without loss of generality, and h u 
is the up- type Higgs of the 2HDM with (h u ) = v u /V2. 
After EWSB the heavy fields mix with the left- and right- 
handed third generation SM quarks Qz and t c , yielding 
two physical states with masses m t and tot — M 3> m t 
(see experimental bounds on tot below). The mass eigen- 
states are linear combinations of the heavy and light tops, 
and the mixing angle for the left-handed components is 
given by 



tan 29 L 



2mt X 
m T y t 



(13) 



Denoting the physical mass eigenstates by t, t c , T and T c , 
we write the Yukawa Lagrangian in terms of these fields: 



function of the light and heavy top particles is of order 
a percent, we find as expected that the results of a pure 
2HDM are virtually unaffected by the presence of the 
new vector-like top. 

Alternatively, one can add vector-like quarks in the 



(3) l)l/3' 



which 



representations B ~ (3, l)_ 1 / 3 and B 
mix with the SM bottom quark. The couplings of the 
Higgs fields to the light and heavy mass eigenstates, b 
and B, as well as the shift to the effective coupling to 
gluons and photons, can be straightforwardly deduced 
from Eqs. (| 1 5[) and (|16[) . Experimental bounds on vector- 
like bottom quarks yield Mb > 480 [25|, [26|, resulting 
again in Af (tb) — 1- 

The mixing with the electroweak-singlet B alters the 
coupling of the Z boson to the left-handed component of 
the light state b by 5gb L = gi sin 2 0l/(2 cos 6w). This, in 
turn, changes the partial width of the Z boson into two 
b quarks: 



SR b 
R b 



1.5- 



9bt 



(17) 



The experimental 2a bound gives —0.003 < SRb/Rb < 
0.009 [20], leading to sin 2 6» L < 0.002. Since the effec- 
tive couplings to gluons and photons are proportional to 
sin 2 9l, they are highly suppressed under this constraint, 
and we find no deviation in the results from the pure 
2HDM scenario. 

2HDM plus a top-like scalar. We now discuss the 
addition of one top-like scalar t to the 2HDM scenario: 



C = C 



2HDM 



- \t\ 2 (M 2 + X\h u \ 2 



(18) 



C Y = 



cos" 6 L —h u tt c - sin 2 6 L —h u TT c 

v u v u 

sin 20 L ^hJf c - sin 29 L ^h u ft c 
2v u 2v u 

h.c. 



(14) 



The couplings of the light and heavy tops to the physical 
Higgs fields are given by: 



cos' 



o L (4) 



2HDM 



4 = S in 2 L ( c t) 2HDM 



(15) 



resulting in the following changes to the effective cou- 
plings to gluons and photons: 



9. 

" 2 6 "" 



5cl = -Set = sin 2 



9 L [Af (r T ) - A f (r t )] « 



2HDM 



(16) 

Existing bounds on vector-like top quarks give Mr > 
475 GeV, whether its primary decay channel is via 
charged-current 22 1 or neutral-current [23| interactions, 
or if the branching ratios in these channels are 1/2 and 
1/4, respectively (as predicted by the equivalence prin- 
ciple in the large mass limit |24|). We thus can safely 
use Af (tt) — 1. Since the difference between the loop 



which, in the language of (01, with S = t, gives 



mj = M + mf— . 



m 2 A 



A 



ml yl 



(19) 



resulting in a shift to the effective coupling to gluons and 
photons: 



5c\, 



1*4 



1 TO 2 A 

4 to 2 y 2 



As (r ? ) (4) 



2HDM 



(20) 



There are thus 2 additional parameters compared to the 
pure 2HDM case, r = X/y 2 and frit- The quadratic di- 
vergences in the Higgs mass are canceled for r = 2. We 
consider all values of r up to the perturbative limit of 
±47r, and allow rh t > 80 GeV. The pure 2HDM case is 
reproduced in the large m t limit. We find the following: 

• The two scalars h and H can provide for the condi- 
tions Eq. ([2]) for positive r and small tan/3 < 0.6 in 
type I for a variety of stop masses up to ~ 1 TeV. 
(For example, for r = 2 the allowed mass range is 
200 - 400 GeV.) In this case, we find R ZZ * > 1.3, 
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R 11 > 1.7, R bb ~ 1.2 and enhanced i? TT > 2.2. In 
type II, larger tan /3 of order a few can be reached 
for low m t , but the rr rate is strongly enhanced to 
R TT > 8, excluding this scenario [12| . 

• If (j) 1 = h and 4> 2 = A, the conditions of Eq. ([2]) 
can be met in type I for tan /3 < 10 for positive r 
and rh t < 750 GeV, but then either R TT > 2.5 or 
R bb < 0.5, disfavoring this scenario. The conditions 
Eq. @ are also met for r < 0, but then R bb is too 
low, disfavoring this scenario as well. In type II, 
Eq. ([2]) holds for tan/3 < 0.7 and positive r, and 
combining the conditions of Eq. ([3]) gives an en- 
hanced diphton rate i? 77 > 2, suppressed diboson 
rate Rzz* < 0.7, rr rate of R TT ~ 1.3 and i?^ 
close to the SM value. For negative r, the allowed 
region yields a 66 rate of order a percent. The con- 
ditions Eq. ([2]) can be met in type II for tan/3 of 
order a few as well, but then R TT > 2.5, disfavoring 
this scenario. 

We learn that in a 2HDM with one additional top-like 
scalar, satisfying the conditions of Eq. ((2|), while keeping 
the 66 and rr rates at the reasonable levels of Eq. ([3]) , is 
possible with the two scalars h and H in type I, or with 
cf) 1 = h and </> 2 = A in type II, where both cases require 
small tan /3 below one. In the former case, enhanced rates 
are expected in the diboson, diphoton and rr channels, 
with the 66 channel proceeding slightly above the SM rate 
and m t < 1 TeV. In the latter case, the diphoton and rr 
rates are enhanced, the diboson rate is suppressed and 
R bb ~ 1, with rht < 700 GeV. The results are summa- 
rized in Table [TTJ 

2HDM plus two top-like scalars. We now move 
to the addition of two top-like scalars to the 2HDM. We 
denote by t the up-component of an SU(2) doublet in 
the representation (3, 2)i/g and t c ~ (3,l)_ 2 /3- I n the 
spirit of the MSSM, we consider the following stops- Higgs 
Lagrangian: 

Atop = - \t\ 2 (m 2 + V 2 t \K\ 2 ) - |t c | 2 (m 2 + y 2 t \h u \ 2 ) 

- (v t h u X t tt c + h.c.) + D-terms, (21) 

where in the MSSM X t — A t — /xcot/3, and we do not 
write the £>-terms explicitly. In the following we assume 
X t real. After EWSB, the two mass eigenstates, t-y and 
£2, are linear combinations of t and t c with mi < UI2 and 
mixing angle < 8 t < 7r, given by 



sin 29 1 = 



2m,Xt 



(22) 



In the language of Eq. (0} , 



m| 

A 



3(4) 



"'T 



2HDM 



1)17 



c io = rrl( c t) 2HDM 



X t 
2m t 



sin 29 t 
sin 29 1 



I?— terms 



I?— terms 



(23) 




0.4 0.6 

\X,\/m 2 

FIG. 1: Parameter space of a 2HDM with 2 top-like scalars 
in which Eqs. © and (3) hold, for (</f>\</> 2 ) = (h, H) type I 
(entire colored area) and (h, A) type II (purple/lower). 



where the D-term contributions above can be found e.g. 
in [27j . The effective couplings to gluons and photons are 
changed according to: 



Sol = -8$ 



lei A 



Ua 



(24) 



In the limit of 3> mi, mt we find: 



1 m 2 

4 m 2 



(4) 



2HDM 



A a (n) 



X? 



+ 0.1 x cos 2/3 



(25) 

The two top-like scalars contribution to the gluon effec- 
tive coupling can be mapped to the one obtained in the 
single scalar case, Eq. (|2"0|) . However, in the one-scalar 
language, only r < 1.1 is reached when adding two stops. 
We note that the inclusion of the Z?-terms does not qual- 
itatively affect the results. 

We find, as expected, that the same scenarios are vi- 
able when adding one or two top-like scalars, and give 
similar rates in all considered channels, since there exists 
a mapping between the one- and two-stop cases. In Fig.[T] 
we present the two-stops parameter space in which all the 
conditions of Eq. ([2|) hold, and the rr and 66 rates obey 
Eq. ©. As is evident, the light stop should be lighter 
than ~ 310 GeV in all cases, and the mixing X t should 
obey \X t \/m 2 < 1. 

Conclusions. A Higgs-like boson of mass ~ 125 GeV 
has been discovered by the ATLAS and CMS collabo- 
rations, with significant observation in both the 77 and 
ZZ* —> At channels. In this work we posed the quali- 
tative question of whether the signal seen in these two 
channels could be the result of two distinct resonances 
each contributing dominantly to a single channel. We 
investigated this idea in the context of a 2HDM as well 
as in several of its extensions. The (mild) conditions wc 
use to quantify whether or not two separate particles can 
be at play in each channel are given in Eq. ([2J and in- 
clude ratio (first two lines) and range (bottom two lines) 
conditions. In addition, we demand that the 66 and rr 
rates obey similar range conditions as the ZZ* and 77 
channels, Eq. ([3]). 
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TABLE II: The viable scenarios of the 2HDM in which the 
conditions Eq. @ and Eq. @ hold. The scenarios with the 
replacement h <-> H are viable as well. 



2HDM + 


<f 4> 2 


Type 


tan p 




Rzz* 


Rbb 


Rtt 




1 or 2 stops 


h H 


I 


< 1 


> 1.7 


> 1.3 


~ 1.2 


> 2.2 


< 0.9 




h A 


II 


< 1 


> 2 


< 0.7 


~ 1 


~ 1.3 


~ 1.5 
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Table |TT] summarizes our results of the viable scenar- 
ios: A 2HDM with one or two additional top-like scalars, 
where ((p 1 ,^ 2 ) — (h,H) in type I or (h,A) in type II. 
In each allowed case, we further detail the allowed range 
of tan /3, and indicate whether the diphoton, diboson, bb 
and tt rates, as well as the dijet category in the dipho- 
ton channel, are enhanced, suppressed or similar to their 
SM value. We find that a ratio larger than three be- 
tween the individual rates in the 77, ZZ* channels can- 
not be achieved subject to the range conditions. All the 
allowed cases require low tan/3 below unity and an en- 
hanced diphoton rate. The viable scenarios when adding 
one or two top-like scalars give similar rates in all consid- 
ered channels, since there exists a mapping of one case 
to the other. The allowed two-stop parameter space is 
depicted in Fig. [TJ 

As the Higgs data continues to accumulate, our knowl- 
edge of the rates in the 77, ZZ* , bb and tt channels, as 
well as in others, will improve significantly, further re- 
stricting the allowed cases and parameter space of the 
two-resonance scenario. Determining the parity of the 
boson in the ZZ* and 77 channels will also provide useful 
information in this context, as will improved constraints 
on masses of top-like scalars. 

In the future, the two-resonance possibility studied in 
this work can result in two distinct outcomes. If the 
mass difference between the resonances is larger than the 
experimental resolution, with increased data two distinct 
resonances will be seen in the ZZ* and 77 channels, with 
a different resonance dominant in each channel. This is 
in contrast to a two resonance case where one particle 
is dominant in both channels 0, HI • On the other hand, 
if the mass difference between the resonances is smaller 
than the experimental resolution, a double peak structure 
in the invariant mass distribution will not be detectable, 
and non-traditional methods, e.g. Q, will need to be em- 
ployed. 
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